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METHOD AND APPARATUS FOR 
MONITORING MYOCARDIAL 
CONDUCTION VELOCITY FOR 
DIAGNOSTICS OF THERAPY 

OPTIMIZATION 

FIELD OF THE INVENTION 

The present invention relates generally to an implantable 
cardiac stimulation device and, more speci?cally, to a 
method for storing a long-term average myocardial conduc 
tion velocity as a diagnostic measure of the physiological 
condition of the heart for use in monitoring heart disease or 
optimiZing a delivered therapy. 

BACKGROUND OF THE INVENTION 

In a normal human heart, the sinus node, generally located 
near the junction of the superior vena cava and the right 
atrium, constitutes the primary natural pacemaker initiating 
rhythmic electrical excitation of the heart chambers. The 
cardiac impulse arising from the sinus node is transmitted to 
the tWo atrial chambers, causing a depolariZation knoWn as 
a P-Wave and the resulting atrial chamber contractions. The 
excitation pulse is further transmitted to and through the 
ventricles via the atrioventricular (A-V) node and a ven 
tricular conduction system causing a depolariZation knoWn 
as an R-Wave and the resulting ventricular chamber con 
tractions. 

The intrinsic heart rate is primarily controlled by the 
sympathetic and parasympathetic components of the auto 
nomic nervous system. Both components have nerve ?bers 
terminating on the sinus node. Increased sympathetic acti 
vation (increased sympathetic tone) increases the heart rate 
as Well as the conduction velocity of action potentials 
through the heart. Increased parasympathetic tone, also 
referred to as “vagal tone” since the parasympathetic nerves 
enter the heart via the vagus nerve, decreases the heart rate 
and decreases conduction velocity through the heart. Other 
factors such as circulating hormones and heart Wall stretch 
Will also in?uence heart rate and conduction. Though not 
fully understood, cardiovascular diseases and other physi 
ological states may alter sympathetic tone, parasympathetic 
tone, and circulating hormonal levels and thus alter the heart 
tissue conduction velocity. 

Disruption of the natural pacemaking and conduction 
system as a result of aging or disease can be successfully 
treated by arti?cial cardiac pacing. Implantable cardiac 
stimulation devices, including pacemakers and implantable 
de?brillators, deliver rhythmic electrical pulses or other 
anti-arrhythmia therapies to the heart at a desired energy and 
rate via electrodes implanted in contact With the heart tissue. 
One or more heart chambers may be electrically stimulated 
depending on the location and severity of the conduction 
disorder. 

Cardiac stimulation devices have a great number of 
adjustable parameters that must be tailored to a particular 
patient’s therapeutic needs. The process of selecting the 
optimal parameter settings can be lengthy and complicated. 
Recent clinical evidence supports the use of multichamber 
stimulation devices for improving hemodynamic ef?ciency 
in patients With congestive heart failure. With an increasing 
number of indications for cardiac pacing, the number of 
programmable parameters required for tailoring individual 
patient therapies further complicates the programming pro 
cess. 

Without feedback on the effect of programmed 
parameters, the physician faces a challenge in selecting the 
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2 
most effective pacing regimen. It Would be advantageous, 
therefore, to provide the physician With physiological data 
that re?ects the effect of an applied therapy, Whether the 
therapy is an implanted stimulation device or a drug therapy. 

Observation of changes related to sympathetic and vagal 
tone, Which are knoWn to occur With certain disease 
processes, may be one Way to monitor the response to a 
therapy. For example, high, relatively constant sympathetic 
tone and loW vagal tone are knoWn chronic conditions in 
patients With heart failure. Unusual circadian changes in 
myocardial conduction velocity may be observed in patients 
With heart failure. Long-term monitoring of myocardial 
conduction velocity, therefore, Would alloW conduction 
changes to be detected that might be indicative of a change 
in heart condition. This monitoring Would alloW tracking of 
disease progression or the response to drug therapy or 
programmed pacing parameters. 
A method for adjusting pacemaker parameters based on a 

measured myocardial conduction time has been proposed; 
hoWever, the adjustments are made based on relatively 
short-term changes in conduction time, for example a 
change measured over three cardiac cycles. Since the physi 
ological response to a change in drug therapy or pro 
grammed pacing parameters may not be instantaneous but 
may occur over an extended period of time, long-term 
monitoring of a physiological parameter re?ective of the 
heart condition is desirable. 

A device and method for long-term monitoring of myo 
cardial conduction velocity, therefore, Would improve the 
physician’s ability to monitor a patient’s disease state or 
therapy response. Such a method Would preferably alloW 
myocardial conduction data to be collected in an ongoing, 
day-to-day basis during a patient’s normal activities. A 
physician may then examine the collected data for any shifts 
in long-term average myocardial conduction velocity and 
use this information in diagnosing the patient’s heart con 
dition and selecting treatments. 

SUMMARY OF THE INVENTION 

The present invention addresses these needs by providing 
an implantable cardiac stimulation device capable of mea 
suring and storing myocardial conduction velocity. Myocar 
dial conduction velocities may be stored over time in a 
histogram or log to provide long-term running average 
conduction velocity data for assessing the autonomic tone of 
the heart in patients having chronic heart conditions. 
The foregoing and other features of the present invention 

are realiZed by providing an implantable cardiac stimulation 
device and associated electrodes for delivering stimulation 
pulses, sensing a propagated evoked response, and deter 
mining associated time intervals that quantify a myocardial 
conduction time. Apreferred embodiment of the stimulation 
device includes a control system for controlling the opera 
tion of the device; a set of leads, Which connect cardiac 
electrodes to the stimulation device for receiving cardiac 
signals and for delivering atrial and ventricular stimulation 
pulses; a set of sensing circuits comprised of sense ampli 
?ers for sensing and amplifying the cardiac signals; a data 
acquisition system, such as an A/D converter, for sampling 
cardiac signals such that the time that a propagated evoked 
response is sensed may be determined; and pulse generators 
for generating atrial and ventricular stimulation pulses. The 
stimulation device includes memory for storing operational 
parameters for the control system, such as stimulation 
parameter settings and timing intervals, as Well as for storing 
myocardial conduction velocity data. The device also 
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includes a telemetry circuit for communicating With an 
external programmer. 

When operating according to a preferred embodiment, a 
stimulation pulse of sufficient energy to depolariZe the heart 
is delivered in a unipolar fashion using a tip electrode of a 
bipolar lead. The depolariZation, knoWn as an “evoked 
response,” is sensed in a unipolar fashion using a ring 
electrode located on the same lead, a given distance from the 
tip electrode such that the propagating depolariZation arrives 
at the ring electrode approximately 15 to 150 ms after 
delivery of the stimulation pulse. A characteristic feature of 
the sensed depolariZation signal, such as a maximum nega 
tive slope, is detected as a Waveform timing marker. The 
time interval betWeen the delivered stimulation pulse and the 
detected Waveform timing marker is determined as the 
myocardial conduction time. The myocardial conduction 
velocity is the knoWn inter-electrode distance divided by the 
conduction time. 

Preferably, a running average of the myocardial conduc 
tion velocity is determined. Such an average may be deter 
mined for a given number of heart beats, for example on the 
order of 500 to 5,000 heart beats. The average myocardial 
conduction velocity may be stored in memory on a periodic 
basis, along With the corresponding time of day, average 
pacing rate, activity level, or other desired parameters, in a 
data log or histogram format. 

In one embodiment, the conduction velocity may be 
determined as a function of heart rate. Since the conduction 
time may be affected by the heart rate, multiple running 
averages of conduction velocity based on the heart rate may 
be determined. Alternatively, the running average conduc 
tion velocity may be computed as a ratio to the heart rate. 

The stored conduction velocity data may be doWnloaded 
to an external device for analysis by a clinician. Shifts in the 
long-term average myocardial conduction velocity may 
indicate a change in disease state, a response to a drug 
therapy, or the response to a change in programmed stimu 
lation parameters. 

In another embodiment, a multi-electrode lead is used to 
measure myocardial conduction velocities betWeen multiple 
sites of the heart tissue. Differences in conduction velocities 
associated With different segments of the myocardial tissue 
may be used in selecting a preferred stimulation site and may 
alloW detection of local ischemia. Stimulation parameters or 
stimulation site may then be adjusted such that local 
ischemia is avoided or alleviated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various features of the present invention and the 
manner of attaining them Will be described in greater detail 
With reference to the folloWing description, claims, and 
draWings, Wherein reference numerals are reused, Where 
appropriate, to indicate a correspondence betWeen the ref 
erenced items, and Wherein: 

FIG. 1 is a simpli?ed, partly cutaWay vieW illustrating an 
implantable stimulation device in electrical communication 
With at least three leads implanted into a patient’s heart for 
delivering multi-chamber stimulation and shock therapy; 

FIG. 2 is a functional block diagram of the multi-chamber 
implantable stimulation device of FIG. 1, illustrating the 
basic elements that provide pacing stimulation, 
cardioversion, and de?brillation in four chambers of the 
heart; 

FIG. 3 is a flow chart providing an overvieW of the 
operations included in one embodiment of the present inven 
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4 
tion for measuring myocardial conduction time and storing 
a long-term average myocardial conduction velocity; and 

FIG. 4 is a flow chart providing an overvieW of the 
operations included in another embodiment of the present 
invention for measuring myocardial conduction time and 
storing multiple long-term average myocardial conduction 
velocities associated With multiple heart rates. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The folloWing description is of a best mode presently 
contemplated for practicing the invention. This description 
is not to be taken in a limiting sense but is made merely for 
the purpose of describing the general principles of the 
invention. In the description of the invention that folloWs, 
like numerals or reference designators Will be used to refer 
to like parts or elements throughout. The present invention 
is directed at providing a long-term running average of the 
myocardial conduction velocity of an evoked response for 
the purposes of monitoring disease progress or optimiZing a 
medical or stimulation therapy. A general cardiac stimula 
tion device Will be described in conjunction With FIGS. 1 
and 2, in Which the features included in the present invention 
could be implemented. It is recogniZed, hoWever, that 
numerous variations of such a device exist in Which the 
methods included in the present invention could be imple 
mented Without deviating from the scope of the present 
invention. 

FIG. 1 illustrates a stimulation device 10 in electrical 
communication With a patient’s heart 12 by Way of three 
leads 20, 24 and 30 suitable for delivering multi-chamber 
stimulation and shock therapy. To sense atrial cardiac signals 
and to provide right atrial chamber stimulation therapy, the 
stimulation device 10 is coupled to an implantable right 
atrial lead 20 having at least an atrial tip electrode 22, Which 
typically is implanted in the patient’s right atrial appendage. 
The right atrial lead 20 may also have an atrial ring electrode 
23 to alloW bipolar stimulation or sensing in combination 
With the atrial tip electrode 22. In the present invention, right 
atrial stimulation is preferably delivered using the atrial tip 
electrode 22, and the propagating evoked response is sensed 
using the atrial ring electrode 23. 

To sense the left atrial and ventricular cardiac signals and 
to provide left-chamber stimulation therapy, the stimulation 
device 10 is coupled to a “coronary sinus” lead 24 designed 
for placement in the “coronary sinus region” via the coro 
nary sinus ostium so as to place a distal electrode adjacent 
to the left ventricle and additional electrode(s) adjacent to 
the left atrium. As used herein, the phrase “coronary sinus 
region” refers to the venous vasculature of the left ventricle, 
including any portion of the coronary sinus, great cardiac 
vein, left marginal vein, left posterior ventricular vein, 
middle cardiac vein, and/or small cardiac vein or any other 
cardiac vein accessible by the coronary sinus. 

Accordingly, the coronary sinus lead 24 is designed to: 
receive atrial and ventricular cardiac signals; deliver left 
ventricular pacing therapy using at least a left ventricular tip 
electrode 26 for unipolar con?gurations or in combination 
With left ventricular ring electrode 25 for bipolar con?gu 
rations; deliver left atrial pacing therapy using at least a left 
atrial ring electrode 27, and shocking therapy using at least 
a left atrial coil electrode 28. In the present invention, the left 
ventricular tip electrode 26 is preferably used for 
stimulation, and the left ventricular ring electrode 27 is 
preferably used for sensing the evoked response. 

The stimulation device 10 is also shoWn in electrical 
communication With the patient’s heart 12 by Way of an 
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implantable right ventricular lead 30 having, in this 
embodiment, a right ventricular tip electrode 32, a right 
ventricular ring electrode 34, a right ventricular (RV) coil 
electrode 36, and a superior vena cava (SVC) coil electrode 
38. Typically, the right ventricular lead 30 is transvenously 
inserted into the heart 12 so as to place the right ventricular 
tip electrode 32 in the right ventricular apeX so that the RV 
coil electrode 36 Will be positioned in the right ventricle and 
the SVC coil electrode 38 Will be positioned in the right 
atrium and/or superior vena cava. Accordingly, the right 
ventricular lead 30 is capable of receiving cardiac signals, 
and delivering stimulation in the form of pacing and shock 
therapy to the right ventricle. In the present invention, the 
right ventricular tip electrode 32 is preferably used for 
stimulation, and the right ventricular ring electrode 34 is 
preferably used for sensing the propagating evoked 
response. 

FIG. 2 illustrates a simpli?ed block diagram of the 
multi-chamber implantable stimulation device 10, Which is 
capable of treating both fast and sloW arrhythmias With 
stimulation therapy, including cardioversion, de?brillation, 
and pacing stimulation. While a particular multi-chamber 
device is shoWn, this is for illustration purposes only, and 
one of skill in the art could readily duplicate, eliminate or 
disable the appropriate circuitry in any desired combination 
to provide a device capable of treating the appropriate 
chamber(s) With cardioversion, de?brillation and pacing 
stimulation. 

The stimulation device 10 includes a housing 40 Which is 
often referred to as “can”, “case” or “case electrode”, and 
Which may be programmably selected to act as the return 
electrode for all “unipolar” modes. The housing 40 may 
further be used as a return electrode alone or in combination 
With one or more of the coil electrodes 28, 36, or 38, for 
de?brillation shocking purposes. The housing 40 further 
includes a connector having a plurality of terminals 42, 43, 
44, 45, 46, 48, 52, 54, 56, and 58 (shoWn schematically and, 
for convenience, the names of the electrodes to Which they 
are connected are shoWn neXt to the corresponding 
terminals). As such, to achieve right atrial sensing and 
stimulation, the connector includes at least a right atrial tip 
terminal (AR TIP) 42 adapted for connection to the atrial tip 
electrode 22. The connector also includes a right atrial ring 
terminal (AR RING) 43 for connection to the right atrial ring 
electrode 23. 

To achieve left chamber sensing, pacing, and shocking, 
the connector includes at least a left ventricular tip terminal 
(VL TIP) 44, a left ventricular ring terminal (VL RING) 45, 
a left atrial ring terminal (AL RING) 46, and a left atrial 
shocking coil terminal (AL COIL) 48, Which are adapted for 
connection to the left ventricular tip electrode 26, the left 
ventricular ring electrode 25, the left atrial ring electrode 27, 
and the left atrial coil electrode 28, respectively. 

To support right ventricular sensing, pacing and shocking, 
the connector further includes a right ventricular tip terminal 
(VR TIP) 52, a right ventricular ring terminal (VR RING) 54, 
a right ventricular shocking coil terminal (RV COIL) 56, and 
an SVC shocking coil terminal (SVC COIL) 58, Which are 
adapted for connection to the right ventricular tip electrode 
32, right ventricular ring electrode 34, the RV coil electrode 
36, and the SVC coil electrode 38, respectively. 

At the core of the stimulation device 10 is a program 
mable microcontroller 60 that controls the various modes of 
stimulation therapy. The microcontroller 60 typically 
includes a microprocessor, or equivalent control circuitry, 
designed speci?cally for controlling the delivery of stimu 

15 

25 

35 

40 

45 

55 

65 

6 
lation therapy, and may further include RAM or ROM 
memory, logic and timing circuitry, state machine circuitry, 
and I/O circuitry. Typically, the microcontroller 60 includes 
the ability to process or monitor input signals (data) as 
controlled by a program code stored in a designated block of 
memory. Any suitable microcontroller 60 may be used that 
carries out the functions described herein. 

FIG. 2 illustrates an atrial pulse generator 70 and a 
ventricular pulse generator 72 that generate stimulation 
pulses for delivery by the right atrial lead 20, the right 
ventricular lead 30, and/or the coronary sinus lead 24 via a 
sWitch 74. It is understood that in order to provide stimu 
lation therapy in each of the four chambers of the heart, the 
atrial pulse generator 70 and the ventricular pulse generator 
72 may include dedicated, independent pulse generators, 
multiplexed pulse generators, or shared pulse generators. 
The atrial pulse generator 70 and the ventricular pulse 
generator 72 are controlled by the microcontroller 60 via 
appropriate control signals 76 and 78, respectively, to trigger 
or inhibit the stimulation pulses. 

The microcontroller 60 further includes timing control 
circuitry 79 Which is used to control the timing of such 
stimulation pulses (e.g. pacing rate, atrio-ventricular (AV) 
delay, atrial interchamber (A—A) delay, or ventricular inter 
chamber (V—V) delay, etc.), as Well as to keep track of the 
timing of refractory periods, noise detection WindoWs, 
evoked response WindoWs, alert intervals, marker channel 
timing, etc. 
The sWitch 74 includes a plurality of sWitches for con 

necting the desired electrodes to the appropriate I/O circuits, 
thereby providing complete electrode programmability. 
Accordingly, the sWitch 74, in response to a control signal 80 
from the microcontroller 60, determines the polarity of the 
stimulation pulses (e.g. unipolar, bipolar, cross-chamber, 
etc.) by selectively closing the appropriate combination of 
sWitches. Atrial sensing circuits 82 and ventricular sensing 
circuits 84 may also be selectively coupled to the right atrial 
lead 20, coronary sinus lead 24, and the right ventricular lead 
30, through the sWitch 74, for detecting the presence of 
cardiac activity in each of the four chambers of the heart. 
Accordingly, the atrial and ventricular sensing circuits 82 
and 84 may include dedicated sense ampli?ers, multiplexed 
ampli?ers, or shared ampli?ers. The sWitch 74 determines 
the “sensing polarity” of the cardiac signal by selectively 
closing the appropriate sWitches. In this Way, the clinician 
may program the sensing polarity independent of the stimu 
lation polarity. 

Each of the atrial sensing circuit 82 or the ventricular 
sensing circuit 84 preferably employs one or more loW 
poWer, precision ampli?ers With programmable gain and 
automatic gain or sensitivity control, bandpass ?ltering, and 
a threshold detection circuit, to selectively sense the cardiac 
signal of interest. The automatic sensitivity control enables 
the stimulation device 10 to deal effectively With the difficult 
problem of sensing the loW amplitude signal characteristics 
of atrial or ventricular ?brillation. 

The outputs of the atrial and ventricular sensing circuits 
82 and 84 are connected to the microcontroller 60 for 
triggering or inhibiting the atrial and ventricular pulse 
generators 70 and 72, respectively, in a demand fashion, in 
response to the absence or presence of cardiac activity, 
respectively, in the appropriate chambers of the heart. The 
atrial and ventricular sensing circuits 82 and 84, in turn, 
receive control signals over signal lines 86 and 88 from the 
microcontroller 60, for controlling the gain, threshold, polar 
iZation charge removal circuitry, and the timing of any 
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blocking circuitry coupled to the inputs of the atrial and 
ventricular sensing circuits 82 and 84. 

For arrhythmia detection, the stimulation device 10 
includes an arrhythmia detector 77 that utiliZes the atrial and 
ventricular sensing circuits 82 and 84 to sense cardiac 
signals, for determining Whether a rhythm is physiologic or 
pathologic. As used herein “sensing” refers to the process of 
noting an electrical signal. “Detection” refers to the step of 
con?rming that the sensed electrical signal as the signal 
being sought by the detector. As an example, “detection” 
applies to the detection of both proper rhythms (i.e., “R 
Wave” or “R Wave”) as Well as improper dysrhythmias 
including arrhythmia and bradycardia (e.g., detection of the 
absence of a proper rhythm.) 

The timing intervals betWeen sensed events (e. g. P-Waves, 
R-Waves, and depolariZation signals associated With ?bril 
lation Which are sometimes referred to as “F-Waves” or 

“Fib-Waves”) are then classi?ed by the arrhythmia detector 
77 by comparing them to a prede?ned rate Zone limit (e.g. 
bradycardia, normal, loW rate ventricular tachycardia, high 
rate ventricular tachycardia, and ?brillation rate Zones) and 
various other characteristics (eg sudden onset, stability, 
physiologic sensors, and morphology, etc.), in order to 
determine the type of remedial therapy that is needed (e.g. 
bradycardia pacing, anti-tachycardia stimulation, cardiover 
sion shocks or de?brillation shocks, collectively referred to 
as “tiered therapy”). 

Cardiac signals are also applied to the inputs of a data 
acquisition system 90, Which is depicted as an analog-to 
digital (A/D) converter for simplicity of illustration. The 
data acquisition system 90 is con?gured to acquire intrac 
ardiac electrogram (EGM) signals, convert the raW analog 
data into digital signals, and store the digital signals for later 
processing and/or telemetric transmission to an external 
device 102. The data acquisition system 90 is coupled to the 
right atrial lead 20, the coronary sinus lead 24, and the right 
ventricular lead 30 through the sWitch 74 to sample cardiac 
signals across any pair of desired electrodes. 

Advantageously, the data acquisition system 90 may be 
coupled to the microcontroller 60 or another detection 
circuitry, for detecting an evoked response from the heart 12 
in response to an applied stimulus, thereby aiding in the 
detection of “capture”. In the embodiment shoWn in FIG. 2, 
the microcontroller 60 includes an automatic capture detec 
tor 65 that searches for an evoked response signal folloWing 
a stimulation pulse during a “detection WindoW” set by 
timing control circuitry 79. The microcontroller 60 enables 
the data acquisition system 90 via control signal 92 to 
sample the cardiac signal that falls in the capture detection 
WindoW. The sampled signal is evaluated by automatic 
capture detector 65 to determine if it is an evoked response 
signal based on its amplitude, peak slope, morphology or 
another signal feature or combination of features. The detec 
tion of an evoked response during the detection WindoW 
indicates that capture has occurred. 

Capture detection may occur on a beat-by-beat basis or on 
a sampled basis. When loss of capture is detected, a safety, 
back-up pulse is delivered shortly after the primary pulse in 
order to prevent asystole. Preferably, a capture threshold 
search is then performed in order to re-determine the thresh 
old and appropriately adjust the stimulation pulse output. A 
capture threshold search may also be performed on a peri 
odic basis, preferably once a day during at least the acute 
phase (e.g., the ?rst 30 days) and less frequently thereafter. 
A capture threshold search Would begin at a desired starting 
point (either a high output level or the level at Which capture 
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8 
is currently occurring) and continue by decreasing the output 
level until capture is lost. The output level is then increased 
again until capture is regained. The loWest output level at 
Which sustained capture is regained is knoWn as the capture 
threshold. Thereafter, the stimulation output is adjusted to a 
level equal to the capture threshold plus a Working margin. 

In accordance With the present invention, capture detec 
tion algorithms and circuitry may also be used alone or in 
conjunction With special circuitry shoWn as a conduction 
velocity detector 64 for detecting an evoked response for the 
purposes of measuring a myocardial conduction time. Meth 
ods Will be described herein for determining the time 
betWeen a delivered stimulation pulse and the detection of 
the subsequent evoked response after it has propagated to a 
sensing electrode. This time interval is a measure of myo 
cardial conduction time and is linearly proportional to the 
myocardial conduction velocity by a factor equal to the 
distance betWeen the stimulating electrode and the sensing 
electrode. 

The microcontroller 60 is further coupled to a memory 94 
by a suitable data/address bus 96, Wherein the program 
mable operating parameters used by the microcontroller 60 
are stored and modi?ed, as required, in order to customiZe 
the operation of the stimulation device 10 to suit the needs 
of a particular patient. Such operating parameters de?ne, for 
example, stimulation pulse amplitude, pulse duration, elec 
trode polarity, rate, sensitivity, automatic features, arrhyth 
mia detection criteria, and the amplitude, Waveshape and 
vector of each stimulation pulse to be delivered to the 
patient’s heart 12 Within each respective tier of therapy. 

The memory 94 may further be used for storing cardiac 
data. In accordance With the present invention, long-term 
myocardial conduction velocity data Will be stored in 
memory 94 to alloW later analysis by a physician. 
Advantageously, stored cardiac data may be non-invasively 
doWnloaded to an external device 102 through a telemetry 
circuit 100. A log or histogram of long-term conduction 
velocity data may be doWnloaded to the external device 102 
and displayed in a tabular or graphical format for analysis by 
a physician. 
The operating parameters of the stimulation device 10 

may be non-invasively programmed into the memory 94 
through the telemetry circuit 100 in telemetric communica 
tion With the external device 102, such as a programmer, 
transtelephonic transceiver, or a diagnostic system analyZer. 
The telemetry circuit 100 is activated by the microcontroller 
60 by a control signal 106. The telemetry circuit 100 
advantageously alloWs intracardiac electrograms and status 
information relating to the operation of the stimulation 
device 10 (as contained in the microcontroller 60 or memory 
94) to be sent to the external device 102 through the 
established communication link 104. 
The stimulation device 10 may further include a physi 

ologic sensor 108, commonly referred to as a “rate 
responsive” sensor because it is typically used to adjust 
stimulation rate according to the exercise state of the patient. 
HoWever, the physiological sensor 108 may further be used 
to detect changes in cardiac output, changes in the physi 
ological condition of the heart, or diurnal changes in activity 
(eg detecting sleep and Wake states). Accordingly, the 
microcontroller 60 responds by adjusting the various stimu 
lation parameters (such as rate, AV Delay, V—V Delay, etc.) 
at Which the atrial and ventricular pulse generators 70 and 72 
generate stimulation pulses. 

While the physiologic sensor 108 is shoWn as being 
included Within the stimulation device 10, it is to be under 
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stood that the physiologic sensor 108 may alternatively be 
external to the stimulation device 10, yet still be implanted 
Within, or carried by the patient. A common type of rate 
responsive sensor is an activity sensor, such as an acceler 
ometer or a pieZoelectric crystal, Which is mounted Within 
the housing 40 of the stimulation device 10. Other types of 
physiologic sensors are also knoWn, for example, sensors of 
blood oxygen content, blood pH, respiration rate and/or 
minute ventilation, ventricular gradient, etc. Any sensor may 
be used Which is capable of sensing a physiological param 
eter that corresponds to the exercise state of the patient. 

The stimulation device 10 additionally includes a poWer 
source such as a battery 110 that provides operating poWer 
to all the circuits shoWn in FIG. 2. For the stimulation device 
10, Which employs shocking therapy, the battery 110 should 
be capable of operating at loW current drains for long periods 
of time, preferably less than 10 MA, and also be capable of 
providing high-current pulses When the patient requires a 
shock pulse, preferably, in excess of 2 A, at voltages above 
2 V, for periods of 10 seconds or more. The battery 110 
preferably has a predictable discharge characteristic so that 
elective replacement time can be detected. 
As further illustrated in FIG. 2, the stimulation device 10 

is shoWn to include an impedance measuring circuit 112 
Which is enabled by the microcontroller 60 by control signal 
114. The knoWn uses for an impedance measuring circuit 
112 include, but are not limited to, lead impedance surveil 
lance during the acute and chronic phases for proper lead 
positioning or dislodgment; detecting operable electrodes 
and automatically sWitching to an operable pair if dislodg 
ment occurs; measuring respiration or minute ventilation; 
measuring thoracic impedance for determining shock 
thresholds; detecting When the device has been implanted; 
measuring stroke volume; and detecting the opening of heart 
valves, etc. The impedance measuring circuit 112 is advan 
tageously coupled to the sWitch 74 so that any desired 
electrode may be used for impedance measurements. 

If it is a function of the stimulation device 10 to operate 
as an implantable cardioverter/de?brillator (ICD) device, it 
must detect the occurrence of an arrhythmia, and automati 
cally apply an appropriate electrical stimulation or shock 
therapy to the heart aimed at terminating the detected 
arrhythmia. To this end, the microcontroller 60 further 
controls a shocking circuit 116 by Way of a control signal 
118. The shocking circuit 116 generates shocking pulses of 
loW (up to 0.5 joules), moderate (0.5—10 joules), or high (11 
to 40 joules) energy, as controlled by the microcontroller 60. 
Such shocking pulses are applied to the patient’s heart 
through at least tWo shocking electrodes, and as shoWn in 
this embodiment, selected from the left atrial coil electrode 
28, the RV coil electrode 36, and/or the SVC coil electrode 
38 (FIG. 1). As noted above, the housing 40 may act as an 
active electrode in combination With the RV electrode 36, or 
as part of a split electrical vector using the SVC coil 
electrode 38 or the left atrial coil electrode 28. 

Cardioversion shocks are generally considered to be of 
loW to moderate energy level (so as to minimiZe pain felt by 
the patient), and/or synchroniZed With an R-Wave and/or 
pertaining to the treatment of tachycardia. De?brillation 
shocks are generally of moderate to high energy level (i.e., 
corresponding to thresholds in the range of 5—40 joules), 
delivered asynchronously (since R-Waves may be too 
disorganiZed), and pertaining exclusively to the treatment of 
?brillation. Accordingly, the microcontroller 60 is capable of 
controlling the synchronous or asynchronous delivery of the 
shocking pulses. 

In FIG. 3, a How chart is shoWn describing an overvieW 
of the operation and novel features implemented in one 
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10 
embodiment of the device 10 for measuring myocardial 
conduction time and storing a long-term running average of 
the conduction velocity. In this How chart, and the other How 
charts described herein, the various algorithmic steps are 
summariZed in individual “blocks”. Such blocks describe 
speci?c actions or decisions that must be made or carried out 
as the algorithm proceeds. Where a microcontroller (or 
equivalent) is employed, the How charts presented herein 
provide the basis for a “control program” that may be used 
by such a microcontroller (or equivalent) to effectuate the 
desired control of the stimulation device. Those skilled in 
the art may readily Write such a control program based on 
the How charts and other descriptions presented herein. 
The method 300 begins at step 305 When a stimulation 

pacing pulse is delivered by either atrial pulse generator 70 
or ventricular pulse generator 72. The method 300 may be 
used in any heart chamber and may be used in more than one 
heart chamber in a given patient such that long-term average 
conduction velocities may be acquired for atrial and ven 
tricular heart chambers. The stimulation pacing pulse is 
preferably delivered using a tip electrode so that, at step 310, 
the evoked response may be sampled by data acquisition 
system 90 using a unipolar ring-to-case sensing con?gura 
tion. 
The stimulation pulse energy delivered at step 305 is 

sufficient to elicit an evoked response. An evoked response 
is a depolariZation of the myocardial cells due to a stimu 
lation pulse. The depolariZation Wavefront evoked by the 
stimulation pulse Will take a certain amount of time to 
propagate through the myocardial tissue to the ring elec 
trode. The time required for the depolariZation Wavefront to 
propagate from the tip electrode to the ring electrode is a 
function of the myocardial tissue conduction velocity and 
the inter-electrode distance: 

conduction time=tissue conduction velocityxinter-electrode dis 
tance 

The inter-electrode distance, Which is the distance 
betWeen the tip electrode and the ring electrode, is prefer 
ably a distance that alloWs the evoked response to be 
detected after the polariZation signal associated With the 
stimulation pacing pulse has substantially decayed. For 
example, Model 1474T pacing lead available from St. Jude 
Medical, Inc. has a tip-to-ring spacing that alloWs the 
ring-to-case evoked response to be detected on the order of 
15 to 80 ms after the stimulation pacing pulse. 
At step 315, conduction velocity detector 64 detects a 

predetermined depolariZation Waveform feature and deter 
mines the time of its occurrence relative to the time of the 
stimulation pulse. The Waveform feature is preferably a peak 
negative slope, but may be any feature detectable from the 
sampled depolariZation Waveform such as a peak amplitude, 
a Zero crossing, or an in?ection point. The time of the 
Waveform feature is used as a timing marker for determining 
the conduction time. 
The myocardial conduction time is then determined at 

step 320 as the difference betWeen the time of the stimula 
tion pacing pulse delivery and the time of the detected 
depolariZation Waveform feature. At step 320, additional 
arithmetic may also be performed to calculate the conduc 
tion velocity by dividing the conduction time by the knoWn 
inter-electrode distance. 
At step 325, the long-term running average conduction 

velocity is updated. This long-term average is determined by 
averaging the conduction velocities determined from a large 
number of consecutive paced cardiac cycles from Which a 
conduction time measurement has been made. Typically, a 
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long-term average conduction velocity Will be calculated 
from greater than 100 conduction time measurements, pref 
erably from 500 to 5,000 conduction time measurements. 

In one embodiment, each conduction time measurement is 
stored in memory, and, after a given number of conduction 
time measurements have been made, a neW long-term aver 
age is calculated and stored. In another embodiment, a 
running average may be updated upon each neW conduction 
time measurement using a given number of the most recent 
conduction time measurements. This running average may 
then be stored in memory 94 every time it is updated or on 
a periodic basis. 

In a given patient the tip-to-ring spacing Will remain ?xed 
as long as the lead is not moved or replaced. Changes in the 
myocardial conduction velocity Will therefore be linearly 
proportional to changes in conduction time. Thus, either the 
average conduction time or average conduction velocity 
may be used in the present invention; Whichever is deemed 
most appropriate for the desired application or diagnostic. In 
most cases, either parameter Will be appropriate since they 
are linearly proportional to each other. When using conduc 
tion time, the need to knoW the tip-to-ring distance and the 
related arithmetic required to perform the conversion from 
conduction time to conduction velocity made at step 320 are 
not necessary. 

In another embodiment, the effect of heart rate on myo 
cardial conduction time is taken into account. Rate 
responsive pacing or dynamic overdrive pacing algorithms 
automatically adjust the pacing rate. During rate-responsive 
pacing, the rate is automatically increased or decreased to 
meet the metabolic needs of the patient based on signals 
from the physiological sensor 108. During dynamic over 
drive pacing, the pacing rate is adjusted to be greater than the 
sensed intrinsic rate. Changes in pacing rate due to such 
algorithms may in?uence the myocardial conduction veloc 
ity. Therefore, multiple average conduction velocities asso 
ciated With a given pacing rate, or pacing rate range, may be 
stored simultaneously. Conduction time measurements may 
be stored in a histogram format With each histogram bin 
assigned to a given pacing rate or pacing rate range. The 
long-term average conduction velocity is then calculated for 
each pacing rate range. 

This embodiment is outlined by the How chart shoWn in 
FIG. 4. During steps 305 through 320, a conduction time is 
measured and a conduction velocity calculated, if desired, 
eXactly as previously described for method 300 of FIG. 3. At 
step 405, a histogram bin assigned to the current pacing rate 
is enabled. The average conduction velocity stored in this 
histogram bin is updated at step 410 using the neWly 
measured conduction velocity. 

In another embodiment, the conduction time measure 
ment is converted to a ratio, a product, or a function of the 
heart rate (i.e., conduction time/heart rate, heart 
rate*conduction time, or corrected conduction time=f(heart 
rate)*conduction time). The long term running average is 
then calculated from the conduction time to heart rate ratios. 

In yet another embodiment, the effect of pacing pulse 
energy on conduction time is taken into account. Increasing 
stimulation pulse amplitudes can increase the siZe of the 
“virtual cathode”, de?ned to be the perimeter of the area of 
tissue that is depolariZed With a pacing pulse. As the pacing 
pulse amplitude is increased, the reach of the electric ?eld 
generated by the pulse increases, such that myocardial cells 
further from the electrode are depolariZed. When this 
happens, increased stimulation pulse amplitudes may result 
in shorter measured conduction times because the depolar 
iZation Wavefront Will noW start out closer to the ring 
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12 
electrode. These measurements Would falsely indicate a 
physiologic change in the state of the myocardial tissue 
propagating the depolariZation. Since long-term averages 
may incorporate a Wide range of stimulation pulses, due to 
threshold changes or automatic capture algorithms, the 
effect of pacing pulse energy can be compensated for by 
associating each measured conduction time With the pacing 
pulse amplitude used at the time of measurement. This 
association or correction can be as for heart rate: a product 
or a function of the stimulating pacing pulse energy (pulse 
energy times conduction time, corrected conduction time=f 
(pulse energy)*conduction time). 
A shift in the long-term average conduction velocity (or 

time) may indicate to a clinician a change in the patient’s 
disease state, response to a drug therapy or a response to a 
pacing therapy. Thus, the long-term average conduction 
velocity may be used as a feedback parameter in optimiZing 
drug or pacing therapy. 

Long-term averages may be compared to one or more 
previous long-term averages in order to detect a change in 
myocardial conduction. Alternatively, a reference value may 
be obtained by computing a conduction velocity average 
over a much longer time period than the long-term average, 
for eXample an average of ten to ?fty times more conduction 
velocity measurements than the long-term average. The 
long-term averages may then be compared to this reference 
value in order to detect shifts in the myocardial conduction 
velocity. 

In another embodiment, a multipolar lead may be used 
having a pacing tip electrode and multiple sensing ring 
electrodes spaced along the length of the lead in contact With 
different myocardial tissue sites to alloW detection of a 
propagating depolariZation Waveform at several locations. 
The time at Which a Waveform feature is detected at each 
sensing electrode may be determined such that the conduc 
tion time of multiple tissue segments may be determined. 
The methods used for this embodiment Would be similar to 
the methods 300 or 400 used for measuring a single con 
duction time. The same method Would be applied to multiple 
sensing electrodes simultaneously. 

Identifying deviations in the conduction time associated 
With individual tissue segments may aid in the detection and 
diagnosis of local ischemia. Stimulation pacing parameters 
or electrode con?guration selection may be adjusted to avoid 
or alleviate the locally ischemic region or to optimiZe the 
stimulation response in the presence of a sloWly conducting 
region. 

Thus, a system and method for monitoring the long-term 
average myocardial conduction velocity has been described. 
While detailed descriptions of speci?c embodiments of the 
present invention have been provided, it Would be apparent 
to those reasonably skilled in the art that numerous varia 
tions of the methods described herein are possible in Which 
the concepts of the present invention may readily be applied. 
The descriptions provided herein are for the sake of illus 
tration and are not intended to be exclusive. 
What is claimed is: 
1. A method of monitoring a conduction velocity of a 

myocardial tissue for use in a cardiac stimulation device, 
comprising: 

delivering a stimulus that causes an evoked myocardial 
depolariZation using a stimulating electrode located on 
a multipolar lead; 

detecting the evoked myocardial depolariZation using a 
sensing electrode located on the multipolar lead that is 
separated by a predetermined distance from the stimu 
lating electrode; 
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determining a time of occurrence of a feature of the 
evoked myocardial depolarization; 

calculating a myocardial conduction time as a difference 
betWeen a time at Which the stimulus Was delivered and 
the time of the depolarization signal feature; and 

calculating the conduction velocity by dividing the myo 
cardial conduction time by an inter-electrode distance 
betWeen the stimulating electrode and the sensing elec 
trode. 

2. The method according to claim 1, further comprising 
calculating a long-term average myocardial conduction time 
by averaging a given number of conduction time measure 
ments. 

3. The method according to claim 2, further comprising 
calculating a long-term average myocardial conduction 
velocity by dividing the long-term average myocardial con 
duction time by the inter-electrode distance. 

4. The method according to claim 2, further comprising 
storing the long-term average myocardial conduction time. 

5. The method according to claim 1, Wherein the inter 
electrode distance alloWs the evoked myocardial depolar 
iZation to be detected Within approximately 15 to 150 ms 
after the time at Which the stimulus Was delivered. 

6. The method according to claim 5, Wherein the feature 
of the evoked myocardial depolariZation is any of: 

a peak negative slope; 
a peak positive slope; 
a peak amplitude; 
a Zero crossing; or 

an in?ection point. 
7. The method according to claim 5, Wherein calculating 

the long-term average myocardial conduction time com 
prises averaging at least 100 conduction time measurements. 

8. The method according to claim 1, further comprising 
converting the myocardial conduction time as a function of 
a heart rate. 

9. The method according to claim 1, further comprising 
converting the myocardial conduction time as a ratio of the 
myocardial conduction time to a stimulus rate. 

10. The method according to claim 1, further comprising 
calculating a plurality of long-term myocardial conduction 
time averages corresponding to a plurality of heart rate 
ranges. 

11. The method according to claim 1, further comprising 
calculating a plurality of long-term myocardial conduction 
time averages corresponding to a plurality of stimulation 
pulse amplitudes. 

12. The method according to claim 1, further comprising 
doWnloading the long-term average myocardial conduction 
time to an external device. 

13. The method according to claim 1, further comprising 
using the conduction velocity for monitoring any of: 

a disease state; 

a response to a medical therapy; 

a response to a stimulation therapy; or 

a local ischemia. 
14. The method according to claim 11, further comprising 

automatically adjusting a stimulation parameter based on the 
long-term average myocardial conduction time. 

15. The method according to claim 2, Wherein calculating 
the long-term average myocardial conduction time com 
prises calculating and storing conduction time averages for 
tWo or more myocardial tissue segments by: 

sensing a unipolar evoked depolariZation signal from tWo 
or more sensing electrodes located on a multipolar lead 
that are separated by a distance from the stimulating 
electrode; 
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14 
determining the time of occurrence of the feature of the 

evoked myocardial depolariZation at each sensing elec 
trode; 

calculating a myocardial conduction time associated With 
each sensing electrode; and 

calculating a long-term average myocardial conduction 
time associated With each sensing electrode by aver 
aging a given number of recent conduction time mea 
surements made for each sensing electrode. 

16. A cardiac stimulation device capable of monitoring a 
conduction velocity of a myocardial tissue, comprising: 

a pulse generator that generates stimulation pulses; 
a stimulating electrode, located on a multipolar lead that 

is connected to the pulse generator, to selectively 
deliver the stimulation pulses for causing an evoked 
myocardial depolariZation; 

a sensing electrode located on the multipolar lead at a 
predetermined distance from the stimulating electrode, 
to detect the evoked myocardial depolariZation; 

a conduction velocity detector that determines a time of 
occurrence of a feature of the evoked myocardial 
depolariZation; 

Wherein the conduction velocity detector calculates a 
myocardial conduction time as a difference betWeen a 
time at Which the stimulus Was delivered and the time 
of the depolariZation signal feature, and further calcu 
lates the conduction velocity by dividing the myocar 
dial conduction time by an inter-electrode distance 
betWeen the stimulating electrode and the sensing elec 
trode. 

17. The cardiac stimulation device according to claim 16, 
Wherein the conduction velocity detector further calculates a 
long-term average myocardial conduction time by averaging 
a given number of conduction time measurements. 

18. The cardiac stimulation device according to claim 17, 
Wherein the conduction velocity detector further calculates a 
long-term average myocardial conduction velocity by divid 
ing the long-term average myocardial conduction time by 
the inter-electrode distance. 

19. The cardiac stimulation device according to claim 17, 
further comprising data storage for storing the long-term 
average myocardial conduction time. 

20. The cardiac stimulation device according to claim 16, 
Wherein the inter-electrode distance is set to alloW the 
evoked myocardial depolariZation to be detected Within 
approximately 15 to 150 ms after the time at Which the 
stimulation pulses Were delivered. 

21. The cardiac stimulation device according to claim 20, 
Wherein the feature of the evoked myocardial depolariZation 
is any of: 

a peak negative slope; 
a peak positive slope; 
a peak amplitude; 
a Zero crossing; or 

an in?ection point. 
22. The cardiac stimulation device according to claim 20, 

Wherein the long-term average myocardial conduction time 
is an average of at least 100 conduction time measurements. 

23. The cardiac stimulation device according to claim 16, 
Wherein the conduction velocity detector converts the myo 
cardial conduction time as a function of a heart rate. 

24. The cardiac stimulation device according to claim 16, 
Wherein the conduction velocity detector converts the myo 
cardial conduction time as a ratio of the myocardial con 
duction time to a stimulus rate. 
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25. The cardiac stimulation device according to claim 17, 
further comprising a controller that automatically adjusts a 
stimulation parameter based on the long-term average myo 
cardial conduction time. 

26. A cardiac stimulation device for monitoring a con 
duction velocity of a myocardial tissue, comprising: 

means for delivering a stimulus that causes an evoked 
myocardial depolarization using a stimulating electrode 
means located on a multipolar lead; 

means for detecting the evoked myocardial depolariZation 
using a sensing electrode means located on the multi 
polar lead that is separated by a predetermined distance 
from the stimulating electrode means; 

means for determining a time of occurrence of a feature 
of the evoked myocardial depolariZation; and 

means for calculating a myocardial conduction time as a 
difference betWeen a time at Which the stimulus Was 
delivered and the time of the depolariZation signal 
feature, and for further calculating the conduction 
velocity by dividing the myocardial conduction time by 
an inter-electrode distance betWeen the stimulating 
electrode means and the sensing electrode means. 

27. The cardiac stimulation device according to claim 26, 
Wherein the calculating means further calculates a long-term 
average myocardial conduction time by averaging a given 
number of conduction time measurements. 

28. The cardiac stimulation device according to claim 27, 
Wherein the calculating means further calculates a long-term 
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average myocardial conduction velocity by dividing the 
long-term average myocardial conduction time by the inter 
electrode distance. 

29. The cardiac stimulation device according to claim 27, 
further comprising memory means for storing the long-term 
average myocardial conduction time. 

30. The cardiac stimulation device according to claim 26, 
Wherein the inter-electrode distance is set to alloW the 
evoked myocardial depolariZation to be detected Within 
approximately 15 to 150 ms after the time at Which the 
stimulus Was delivered. 

31. The cardiac stimulation device according to claim 30, 
Wherein the feature of the evoked myocardial depolariZation 
is any of: 

a peak negative slope; 
a peak positive slope; 
a peak amplitude; 
a Zero crossing; or 

an in?ection point. 
32. The cardiac stimulation device according to claim 26, 

further comprising means for converting the myocardial 
conduction time as a function of a heart rate. 

33. The cardiac stimulation device according to claim 26, 
further comprising means for converting the myocardial 
conduction time as a ratio of the myocardial conduction time 
to a stimulus rate. 


